Protein expression and purification
Danio rerio N-SAS-6 , N-SAS-6 1-179 , N-SAS-6 1-217 and N-SAS-6 1-326 were cloned from cDNA. Compared to the annotated sequence the sequences contained the point mutation S102N that most likely stems from strain variation. It is a conservative point mutation, the relevant amino acid is not evolutionarily conserved and is structurally situated in a loop region. Furthermore, it was found in all the independent PCR reactions that we performed using that cDNA. The F131D and the L57M, L90M mutations were optionally introduced into these constructs by site directed mutagenesis. Proteins were expressed as N-terminally His-tagged constructs in E.coli BL21 Rosetta and purified in the presence of 1 mM DTT using NiNTA Agarose (Qiagen) following standard protocols. Subsequently, the His-tag was cleaved off by PreScission protease (GE Healthcare), leaving the three amino acids GPH at the Ntermini of the constructs. The N-SAS-6
1-156 constructs, N-SAS-6 1-217 and the N-SAS-6
1-326 constructs were further purified by size exclusion chromatography in 10 mM bisTris pH 7.0 / pH 7.2, 50 mM NaCl, 1 mM DTT. Finally, the N-SAS-6 constructs, N-SAS-6 1-179 F131D, N-SAS-6 1-217 and the N-SAS-6 1-326 constructs were subjected to ion exchange chromatography on a High Trap Q FF column (Amersham) using a linear gradient from 10 mM bisTris pH 7.0 / 7.2, 1 mM DTT to 10 mM bisTris pH 7.0 / pH 7.2, 0.5 M NaCl, 1 mM DTT. Peak fractions were pooled, concentrated using Vivaspin-20 10 kDa MWCO PES membranes (SartoriusStedim), TCEP optionally added to 1 mM and proteins snap frozen in aliquots in liquid nitrogen. Danio rerio N-SAS-6
1-217 was left on ice before freezing, which led to spontaneous crystallization. The resulting protein -crystal mixture was snap frozen at a protein concentration of 11.8 mg / ml. Danio rerio N-SAS-6 1-156 L57M L90M was expressed in M9 medium supplemented with 2mM MgSO 4 , 0.4% Glucose, 25 µg/ml FeSO 4 x7H 2 O, 40 µg/ml Amino Acid Mix (excluding Methionine), 1 µg/ml Riboflavin, 1 µg/ml Niacinamide, 0.1 µg/ml Pyridoxine monohydrochloride, 1 µg/ml Thiamine and 40 µg/ml Seleno-LMethionine. Purification was done the same way as described for Danio rerio N-SAS-6 1-156 . The human N-SAS-6 1-164 was cloned from cDNA. The F131D muations was introduced by site directed mutagenesis. Proteins were expressed and purified as described for the equivalent domain of Danio rerio with the following modifications: Size exclusion chromatography was done in 10 mM Tris pH 8.2, 50 mM NaCl, 1 mM DTT, and ion exchange chromatography with a linear gradient from 10 mM Tris pH 8.2, 50 mM NaCl, 1 mM DTT to 10 mM Tris pH 8.2, 0.5 M NaCl, 1 mM DTT. Histag cleavage by PreScission protease (GE Healthcare) left the amino acids GPHMGGSEF (stemming from the expression vector) at the N-termini of the constructs.
Crystallization
Danio rerio N-SAS-6 1-156 and SeMet Danio rerio N-SAS-6 1-156 L57M L90M were crystallized in 0.1 M Tris pH 8.5, 25 % PEG3350 at 4°C using 1 µl protein solution and 1 µl reservoir solution in a sitting drop approach. Crystals were mounted after 2.5 or 3 days by transferring them serially to mother liquor containing Glycerol in 5% increments to a final concentration of 25% and optionally 1 mM DTT. Subsequently crystals were flash frozen into liquid nitrogen. Danio rerio N-SAS-6 1-179 F131D was crystallized in 0.1 M NaCHES pH 9.2, 36 % PEG600, 1mM DTT at 19.5°C using 1 µl protein solution and 1 µl reservoir solution in a sitting drop approach. Crystals were mounted after 2 days by flash freezing them into liquid nitrogen. The protein concentrations as judged by the Bradford assay, using BSA as a standard, were: 11.3 mg / ml (N-SAS-6 1-156 ), 16.7 mg / ml (SeMet N-SAS-6 1-156 L57M L90M) and 27.5 mg / ml (N-SAS-6 1-179 F131D).
Data collection and processing
Data were collected at beamline ID29 (Danio rerio N-SAS-6 1-156 and SeMet Danio rerio N-SAS-6 1-156 L57M L90M) and beamline BM14UK (Danio rerio N-SAS-6
1-179 F131D ) at the European Synchrotron Radiation Facility (ESRF), Grenoble, France. SeMet Danio rerio N-SAS-6 1-156 L57M L90M crystals were used for phasing. Data was collected to 2.3Å at wavelength 0.9791 Å (peak), 0.9794 Å (inflection point) and 0.9392 Å (high remote), integrated using MOSFLM (S1) and scaled using Scala (S2, S3). The structure was solved by MAD using the automated pipeline CRANK (S3-S8) in ccp4i (S9) yielding a well defined and easily interpretable electron density map. Data of the Danio rerio N-SAS-6 1-156 crystals were collected to 1.92Å at wavelength 0.979 Å, integrated using MOSFLM (S1) and scaled using Scala (S2, S3). An initial model was built with the experimentally phased L57M L90M dataset using Buccaneer (S10) and manual building in Coot (S11). This initial model was used for molecular replacement against the native dataset using Phaser (S12) and the model then refined against the native dataset using Phenix.refine (S13).
Data of the Danio rerio N-SAS-6
1-179 F131D crystals were collected to 1.98Å at wavelength 0.9184 Å, integrated using MOSFLM (S1) and scaled using Scala (S2, S3). The structure was solved by molecular replacement using Phaser (S12) searching for two copies of the Danio rerio N-SAS-6 1-156 structure excluding waters and using only the N-SAS-6
1-144 part of that structure (i.e. excluding helix 3 that corresponds to the beginning of the coiled coil domain of Dr SAS-6). Refinement was done using Phenix.refine (S13) and the model was built using Coot (S11) revealing in successive refinement cycles clear, well defined density for the coiled coil dimer part of the structure. In refinement it became clear that a third molecule was present that was fitted into the map manually followed by rigid body refinement and further refinement cycles. This subunit showed good electron density mainly in the regions contacting the dimer structure and probably was only weakly bound ( Figure S6 ). It appears to contribute only little to the interactions that make up the crystal lattice and might be bound in a disordered way. No density of the coiled coil helix was seen for this subunit, probably because it is unfolded in the absence of a binding partner.
Analysis of the N-SAS-6
1-156 structure
The similarity between the N-terminal domain of SAS-6 and the N-terminal domains of XRCC4 and XLF was discovered using the DALI server (S14) to search for folds similar to that of N-SAS-6 1-156 . The PISA server (S15) was used to analyse potential interaction interfaces and assemblies of N-SAS-6 1-156 . The two head-to-head interactions present in the N-SAS-6 1-156 crystal were found by the PISA server to have the largest interface and were rated as assemblies that might occur in solution. The buried area for these assemblies was approximately 1500 Å 2 . The RMSD calculations for the superposition of the four molecules present in the asymmetric unit of the N-
SAS-6
1-156 crystal ( Figure S1A ) were done by secondary structure matching in CCP4mg (version 2.4.2) (S16-S18).
Expression of mutated SAS-6 in Chlamydomonas
The F145D and L167W mutations were introduced into the Chlamydomonas SAS-6 cDNA by overlap extension PCR (S19). The mutated sequences were cloned into pHY1, a plasmid vector for expressing hemagglutinin (HA)-tagged proteins in Chlamydomonas. The plasmid was introduced into a ΔSAS-6 mutant bld12-1 by electroporation as described previously (S20). For identification of the clones that express the mutant SAS-6s, the colonies formed on Tris-acetate-phosphate (TAP) agar plates containing 10 ug/ml paromomycin were isolated and subjected to western blot using anti-HA antibody and anti-Chlamydomonas SAS-6 antibody. Clones expressing the mutated SAS-6 in an amount comparable to that of SAS-6 in the wild type, as judged by the intensity of the positive band ( Figure S5 ), were used for counting flagellated cells.
Counting flagellated cells
Cells in log phase culture was treated with gametic autolysin (S21) to remove the cell wall and induce flagellar growth. The cells were fixed with 3.7% formaldehyde and 0.1% glutaraldehyde and observed under a dark field microscope. The percentage of flagellated cells was determined by counting unflagellated, uniflagellated, and biflagellated cells.
Transfection and microscopy
Human SAS-6 was amplified by PCR from cDNA and cloned into pEGFP-C1 (Clontech) and together with the RFP tagged C-terminal PACT domain of Pericentrin (kind gift of Sean Munro, MRC-LMB, Cambridge, UK) transiently transfected using FuGENE6 (Roche) into U2OS cells grown at 37°C attached to a chambered coverglass (Lab-Tek / Nunc) in Dulbecco's Modified Eagle Medium (High Glucose, GIBCO 32430-027) supplemented with 10% FBS. Cells were observed 48h after transfection on a Nikon Eclipse TE 2000-E system with a Nikon Apo TIRF 100x lens (N.A. 1.49) and equipped with a CoolSnap HQ 2 camera (Photometrics) taking Zstacks (1µm, 5 steps) alternating between the green and red channel with a 200 msec exposure in each channel. The system was controlled via Metamorph version 7.1.7.0. Image stacks were projected using the maximum intensity method, scaled to the same level and converted to 8 bit images using Metamorph (version 7.1.7.0). Images were subsequently overlayed in Photoshop.
Analytical gel filtration
Gel-filtrations were done on a Äkta purifier (Amersham) with a Superdex-200 10/300 column (Amersham), equilibrated and run in 50 mM NaHEPES pH 7.5, 100 mM NaCl, 1 mM DTT at a flow rate of 0.5 ml/min, collecting 0.5 ml fractions. Proteins were injected in a 200 µl loop. The column was calibrated with Ribonuclease A, Chymotrypsinogen, Ovalbumin and BSA (Amersham). Chromatograms (280 nm) of the corresponding runs were overlayed and the fractions that showed absorption at 280 nm analysed by SDS-PAGE.
Analytical Ultracentrifugation
Equilibrium sedimentation experiments were performed on a Beckman XL-I ultracentrifuge using An50Ti and An60Ti rotors and 6-sector cells at speeds of 26000, 32000 and 40000 rpm at 4 °C. Sample volume was 110 µL. Samples were considered to be at equilibrium as was judged by a comparison of the several scans at each speed. Buffer conditions were 50 mM NaPO i (pH 7.4), 100 mM NaCl, 1 mM DTT, x1 Complete Protease Inhibitor (Roche). Data were processed and analysed using UltraSpin software which is available at www.mrc-lmb.cam.ac.uk/dbv.
Size exclusion chromatography -multi angular light scattering (SEC-MALS)
SEC-MALS was performed using a Wyatt Heleos II 18 angle light scattering instrument coupled to a Wyatt Optilab rEX online refractive index detector. Detector 12 was replaced with Wyatt's QELS detector. Samples for analysis were resolved on a Superdex S-200 10/300 analytical gel filtration column (GE Healthcare) running at 0.5 ml/min in in 50mM NaPi, 100mM NaCl, pH7.45 buffer before passing through the light scattering and refractive index detectors in a standard SEC-MALS format. Protein concentration was determined from the excess differential refractive index based on 0.186 ∆ RI for 1 mg/ml. The concentration and the observed scattered intensity were used to calculate the absolute molecular mass from the intercept of the Debye plot using Zimm's model as implemented in Wyatt's ASTRA software. The root mean squared radius of gyration (Rg) was calculated from the slope of this plot. The value (~8.5 nm) is at the limit of the detection range based on the 658 nm wavelength laser used in the Wyatt Heleos, but we consider it to be accurate since we determined interdetector delay volumes, band broadening constants and detector intensity normalization constants for the instrument immediately prior to measurement using BSA as a standard. We also found identical values for Rg over a wide concentration range. Autocorrelation analysis of data from the dynamic light scattering detector was also performed using Wyatt's ASTRA software and the translational diffusion coefficients determined were used to calculate the hydrodynamic radius using the Stokes-Einstein equation and the measured solvent viscosity of 9.3 e-3 Poise.
Cryo EM of Danio rerio N-SAS-6 1-217 crystals
A frozen Danio rerio N-SAS-6 1-217 aliquot containing small crystals was thawed on ice and mixed. After a short burst of sonication the sample was spun through a frit, mixed and subsequently spun at 0.8 krpm for 1-5 min in a table-top centrifuge at 4°C. 4 µl of the supernatant was put on a glow-discharged lacey carbon-coated copper EM grid (Agar Scientific). After blotting the excess liquid, the grid was plunge-frozen in liquid ethane (S22). Single-axis tilt series were recorded on a Tecnai Polara (FEI, Eindhoven) operated at 300 kV accelerating voltage and equipped with an Ultrascan 895 CCD-camera (Gatan) and energy filter (Gatan). They were recorded over an angular range of ~ 120º with 2º steps, at 1.5 µm underfocus, in zero-loss energy filter mode. Images were output of the camera with a binning factor 2 and the pixel size was 3.74 Å. The total radiation dose was 90 electrons x Å -2 . After each tilt series acquisition, one image was acquired with 10 electrons x Å -2 dose. Tilt series were aligned by cross-correlation in IMOD (S23). Tomograms were reconstructed by simultaneous iterative reconstruction technique (SIRT) in PRIISM/IVE from images binned to 7.48Å pixel size (S24). The post-tilt series images were processed using the MRC Image Processing programs (S25) and Bsoft (S26). Their Fourier transform was computed; the spots were indexed and the background was masked out; the inverse Fourier transform was computed. Since the filtered image was clearly C4-symmetric, this symmetry was imposed.
Modelling of SAS-6 ring assemblies
Ring assemblies were based on the head-to-head dimer formed by chain A and symmetry related chain C of N-SAS-6 1-156 . They were calculated by varying A) the radius between this dimer and a central 6 -12 fold rotational symmetry axis and B) the tilt of this dimer along its internal two-fold axis, which intersected and was orthogonal to the central rotation axis. The vector between adjacent head domains in the resulting assemblies was calculated and those assemblies chosen that showed the closest match to the vector between the head domains observed in the N-SAS-6 1-179 F131D coiled coil dimer structure. Only for the display in Figure 4C , the missing coiled coil domain (taken from the N-SAS-6 1-179 structure) was grafted onto these assemblies by fusing it to residues 139 or 140 of the head domains. These residues lie near to the linker region between coiled coil and head domains and showed a closely matching position in a superposition of the N-SAS-6 1-179 F131D dimer structure with the calculated ring assemblies. The RMSD calculations for Figure 4C were done by secondary structure matching in CCP4mg (version 2.4.2) (S16-S18) superposing the N-SAS-6 1-179 F131D dimer structure with two equivalent head domains of the calculated ring assemblies (residues 1 to 140). This superposition resulted in alignment of chain A of the N-SAS-6 1-179 F131D structure with the chain A equivalent of the A-C head-to-head dimer underlying the ring assemblies and chain B of the N-SAS-6 1-179 F131D structure with the chain C equivalent of the A-C head-to-head dimer underlying the ring assemblies. Superposing the structures in the opposite way gave qualitatively the same results but resulted in higher absolute RMSD values. Ring radii were measured from the center of the rings to the approximate center (side chain of L123) of the head domains of the ring assemblies.
Immunoelectron microscopy
Nucleoflagellar apparatus, a Chlamydomonas cytoskeleton that contains centrioles, was isolated from the cells expressing SAS-6 tagged with HA at its C-terminus (S27). The sample was incubated with the anti-HA antibody diluted 1:1000 with blocking solution (PBS containing 1% BSA), and then with goat anti-rat IgG conjugated with 10 nm gold particles diluted 1:20 in the blocking solution. After fixations with 2% glutaraldehyde for 2 h at 0°C and 1% OsO 4 for 1 h at RT, the specimen was dehydrated and embedded in EPON 812 (Shell Chemical Company) as described previously (S20). Thin sections (50-70nm) were post-stained with 7% aqueous uranyl acetate for 20 min and 0.8% lead citrate for 2 min, and observed with a JEM1010 electron microscopy (JEOL).
Nondenaturing mass spectrometry
Dr N-SAS-6 1-326 was dialysed against 200mM Ammonium Acetate pH 8.5, 2 mM DTT and diluted with the same buffer to reach the indicated concentrations directly before measurements. NanoESI spectra were acquired on a Q-ToF2 mass spectrometer (Waters, Manchester UK) or a QSTAR XL (MDS Sciex, Applied Biosystems, Toronto, Canada). Both instruments are modified for optimized performance at high masses (S28, S29). Typical instrument parameters on the QSTAR were: capillary voltage 1.5 kV; declustering potential 100--150 V, focusing potential 150 V; declustering potential 2 30 V. quadrupole voltage (Q0) 100 V, collision gas (CAD) 8-12. Typical instrument parameters used on the Q-ToF II were: capillary voltage 1.8 kV; sample cone 160 -200 V; extraction cone 1 V; collision energy up to 180 V; ion transfer stage pressure 3-4 mbar; ToF pressure 4-9 * 10 -7 mbar. Figure S1 . The sequence numbering is according to Danio rerio SAS-6 and the secondary structural elements are shown on the top. Blocks of conserved residues are coloured as follows: 50%-80% identical in yellow, 80%-100% in orange and 100% in red. Residues that contribute to the head-to-head dimerization interface of SAS-6's N-terminal domain are indicated at the bottom: ( ) -forming the hydrophobic pocket; ( ) -residue in protruding loop 8; ( ) -making hydrophobic contact between two beta-hairpins ; ( ) -involved in H-bonds. There are pronounced differences between C.elegans / C.briggsae SAS-6 and the other SAS-6 homologs in the residues contributing to the head-to-head dimer interface, in particular, in motif II. To illustrate the differences in C.elegans / C.briggsae SAS-6, these residues are shown in blue. 1-179 F131D crystal. Two molecules (in red and green) form a parallel coiled coil dimer while the third molecule (in blue) is bound to it as a monomer. This monomer could only be partially built due to poor electron density (B) Same view but as a stick model with overlayed electron density at a contour level of 1.5 sigma. The monomeric subunit shows good electron density only in the region contacting the N-SAS-6 1-179 F131D dimer and probably is bound only weakly to the coiled coil dimer. It appears to contribute little to the interactions that make up the crystal lattice. Nanospray mass spectra of recombinant, purified Dr N-SAS-6
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1-326 at 100 µM, 200 µM and 250 µM in solution under nondenaturing conditions. For better understanding the spectra are presented with the background subtracted. Deconvolution of the spectra and fitting of the components using in-house software MASSIGN is described elsewhere (S35). It shows SAS-6 oligomerization in a concentration dependent manner with dimeric building blocks associating to form higher oligomers (the corresponding oligomerization state is indicated next to each simulated component spectrum), consistent with the presence of a low affinity dimerization interface ( Figure 1E and 2A) and a more stable coiled coil dimerization interface ( Figure S7 ). At 100 µM SAS-6 monomer is visible as well as dimer, tetramer and hexamer. At 200 µM the oligomers visible are tetra-, hexa-and octamer. At 250 µM the sample viscosity made it increasingly difficult to spray, leading to a lower signal to noise ratio. However, fitting the spectrum to even numbered oligomers (as seen at 100 and 200 µM) showed higher oligomerization states, suggesting SAS-6 oligomerization at this concentration up to a possible 18 mer. Figure S10 . The C-terminus of Chlamydomonas SAS-6 is located at the outer regions of the centriolar cartwheel spokes.
Immunoelectron microscopy of centrioles in Chlamydomonas cells expressing SAS-6 with an HA tag at its C-terminus (left three panels). An anti-HA antibody was used.
As a control the right panel shows a centriole labeled with a polyclonal antibody raised against full length Chlamydomonas SAS-6 (anti-CrSAS-6). The gold particles representing the C-terminus of SAS-6 are localized to the outer regions of the cartwheel spokes, while those in the control are distributed in middle to inner regions. R pim = ∑sqrt(1/n-1)|I -<I> |/∑I, where I is the observed intensity for a reflection, <I> the average intensity obtained from multiple observations of symmetry-(or Friedel-) related reflections and n the number of observations of a reflection. 
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